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ABSTRACT

The role of gut microbiota in autoimmune disorders like multiple sclerosis is gaining attention. Multiple sclerosis
is characterized by inflammation, demyelination, and neurodegeneration in the central nervous system.
Alterations in gut microbiota have been linked to multiple sclerosis development, with decreased beneficial
bacteria and increased harmful species. The gut-brain axis is a complex interface influencing bidirectional
interactions between the gut and the brain. Dysbiosis, an imbalance in gut microbiota, has been associated
with autoimmune diseases. The influence of gut microbiota in multiple sclerosis is reversible, making it a
potential therapeutic target. Probiotics, prebiotics, and fecal microbiota transplantation have shown promise in
multiple sclerosis treatment, with positive effects on inflammation and immune regulation. Immunoglobulin Y
(IgY) supplements derived from chicken egg yolk have potential as nutraceuticals or dietary supplements. IgY
technology has been effective against various infections, and studies have highlighted its role in modulating
gut microbiota and immune responses. Clinical trials using IgY supplements in multiple sclerosis are limited
but have shown positive outcomes, including reduced symptoms, and altered immune responses. Future
research directions involve understanding the mechanisms of IgYs interaction with gut microbiota, optimal
dosage determination, and long-term safety assessments. Combining IgY therapy with other interventions
and investigating correlations between microbiota changes and clinical outcomes are potential avenues for
advancing multiple sclerosis treatment with IgY supplements.
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Abbreviations: CNS: central nervous system; EAE: autoimmune encephalomyelitis; Ig: immunoglobulin;
MS: multiple sclerosis; PPMS: primary progressive MS; PRMS: progressive-re-lapsing MS; SPMS: secondary
progressive MS; RRMS: relapsing-remitting MS; SCFA: short-chain fatty acids; TGF: tumor growth factor;
Th: T helper; TLR: Toll-like receptors; Treg: T regulatory cells.

INTRODUCTION

Multiple sclerosis (MS) is a
chronicautoimmune neurological
disorder characterized by
inflammation, demyelination and
neurodegeneration in the central
nervous system that results in a
multitude of symptoms including
vision loss, motor deficits, bowel
dysfunction, depression, and
cognitive impairment due
to immune reactions against
myelin proteins and gangliosides.
Multiple sclerosis is primarily
divided into progressive-re-
lapsing MS (PRMS), primary

progressive MS (PPMS), secondary progressive MS (SPMS),
relapsing-remitting MS (RRMS) [1]. There are several factors
which are considered responsible for the initiation of MS,
which includes intestinal dysbiosis, vitamin D deficiency,
a hypercaloric diet, and viral infections, but major factors
responsible for triggering MS are genetic and environmental
factors [2]. In recent years, there has been growing interest
in the role of the gut microbiota in the development and
progression of MS. Studies have shown that individuals with
MS have alterations in their gut microbiota composition,
including a decrease in the abundance of certain beneficial
bacteria mainly belonging to Firmicutes or Bacteroidetes genera
and in the presence of the short-chain fatty acids (SCFA)
producing bacteria strains, and an increase in potentially
harmful bacteria including Akkermansia muciniphila. These
changes may contribute to the development of MS by promoting
inflammation and immune dysregulation [3].
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Research has also shown that the gut microbiota may play
a role in modulating the effectiveness of MS treatments. This
suggests that interventions that target the gut microbiota, such
as probiotics, immunoglobulin Y supplements, fecal microbiota
transplantation, could potentially be used as adjuvant therapies
for MS [4]. However, it is important to note that the exact
mechanisms by which the gut microbiota influences MS are
not yet fully understood, and further research is needed to
determine the causal relationship between gut microbiota
alterations and MS development and progression.

Immunoglobulin Y (IgY) is a type of antibody that is derived
from chicken egg yolk and has been investigated for its potential
therapeutic benefits in a variety of conditions: infectious disease,
dental caries, periodontitis and autoimmune diseases.

This review aims to provide an overview of the current
understanding of the role of the gut microbiota in MS
pathogenesis, to evaluate the potential of IgY supplementation
in modulating the gut microbiota, to identify the gaps in
current knowledge and highlight the directions for future
research on the use of IgY supplementation in MS treatment.

GUT MICROBIOTA AND IMMUNE SYSTEM

The human gut microbiota, consisting of over 100 trillion
microorganisms from 500 bacterial genera, plays a crucial role
in directing both pro- and anti-inflammatory immune responses
[5, 6]. This interplay is influenced by factors such as gut microbial
structure, host genetics, age, and gender. Gut microbiota is
recognized as a potential target for diagnosis, prognosis, and
therapeutic interventions in autoimmune disorders. Recent
research underscores the microbiome’s essential role in shaping
host immune responses and its impact on susceptibility
to immune-mediated and infectious diseases [5, 7, 8]. The
intestinal immune system, critical for maintaining immune
tolerance, supports harmless microorganisms’ proliferation while
generating responses against pathogens [7, 9, 10].

The Interplay between Gut Microbiota and Innate

Immunity

The relationship between innate immunity and gut
microbiota is bidirectional. Antimicrobial peptides produced
by intestinal microbiota are crucial for maintaining immune
homeostasis [11]. Toll-like receptors (TLR) serve as pattern
recognition receptors, defending against pathogens and
regulating commensal microorganisms [12]. Commensal
microbe Bacteroides fragilis promotes symbiosis and host
immunity. Murine models show an altered microbial
composition in MyD88-deficient mice, impacting microbial
homeostasis and T-cell differentiation. Gut microbiota
produces NOD ligand metabolites, influencing intestinal
immune cells and promoting microbial homeostasis. Foxp3+
T regulatory cells (Treg) cells and Tth/ex-Th17 cells contribute
to commensal microbiota compartmentalization [13, 14].

The Interplay between Gut Microbiota and Adaptive

Immunity

The adaptive immune system is significantly influenced
by interactions between host and microbiota [15]. B cells
producing IgA antibodies play a vital role in maintaining
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gut homeostasis. T-cell dependent production of IgA shapes
gut microbial communities and maintains a balanced and
diversified microbiome, supporting the expansion of Foxp3+
Treg cells [16-18]. The lack of bacterial strains fermenting
dietary fiber into SCFAs results in the absence of intestinal
CD4+ Treg cell differentiation [19, 20]. T helper (Th) 17
cells produced by segmented filamentous bacteria and Tth
cells contribute to maintaining microbial homeostasis [21].
Emerging studies highlight the influence of tissue resident
DCs on intestinal microbiota, revealing the crucial role of Syk
kinase-coupled signaling pathways and NF-kB-inducing kinase
in microbiota-induced immune responses [22].

GUT-BRAIN AXIS

The gut-brain axis is a complex interface involving
bidirectional pathways such as immune regulation, intestinal
barrier maintenance, and gut endocrine signaling. The central
nervous system (CNS) influences gut function through dense
innervation and local immune responses. Recent studies
highlight the crucial role of the gut microbiota in bidirectional
communication between the gut and the brain, impacting
central nervous system functions. Communication occurs
through neural, metabolic, endocrine, and immunological
pathways [23].

MECHANISM UNDERLYING DYSBIOSIS
IN AUTOIMMUNE DISEASES

The imbalance in the microbiota is termed as “dysbiosis.”
Alterations in the gut microbial composition have been
associated with disturbed gut barrier functions, enhanced
gut permeability, and increased plasma lipopolysaccharide
concentrations, which results in inflammation that predisposes
the host for obesity, metabolic syndrome, and autoimmune
diseases [24, 25]. The leaky gut leads to the liver autoimmune
reactions because the mucosal lymphocytes migrate to the liver
through the altered gut barrier [26].

Dysbiosis can also promote autoimmunity by several key
mechanisms such as molecular mimicry wherein autoimmune
reactions can be triggered by gut microbiota by providing
cross-reactive antigens to T cells [27-29]. One study proved the
ability of commensal bacteria to mimic several autoimmune
immunogens and the role this plays in the pathogenesis of MS
[30]. Moreover, the bystander activation of antigen-presenting
cells leading to proinflammatory cytokine production is
considered a possible mechanism in the development of
autoimmunity [28]. The evidence provided suggests the role
of dysbiosis in promoting and exacerbating autoimmune
disorders. However, the influence on the immune system of
gut microbiota is reversible and therapeutic manipulation of
the microbiome can restore proper immune function.

Microbiota Changes and Dysbiosis in Multiple Sclerosis
A high prevalence of “leaky gut” and alterations of gut
microbiota have been found in experimental autoimmune
encephalomyelitis (EAE) animals and in MS patients [31].
An increased proinflammatory cell infiltration and impaired
Treg function are immunological changes that characterize
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EAE. The favorable gut microbiota can activate microglia,
limit astrocyte pathogenicity, and regulate permeability of
blood brain barrier [22, 32]. The presence of bacteria strains
like Clostridium, Bacteroidetes, Prevotella, Parabacteroides
and Lactobacillus in gut microbiota can induce production of
SCFAs [33, 34] and helps in the maintenance of immune cells
which produces anti-inflammatory response [35, 36]. The EAE
symptoms severity is reduced by lactic acid-producing bacteria
such as Lactobacillus and by the Bifidobacterium. On the other
hand, when stools from individuals with MS were transplanted
into the gut of mice with induced or spontaneous autoimmune
encephalomyelitis the neurological symptoms worsen, thus
supporting the association of the pro-inflammatory gut
microbiota and MS [37-39].

Relapsing-remitting MS is characterized by a higher relative
abundance of bacteria responsible for pro-inflammatory
reactions produced by CD4+ T cells dendritic cells, monocytes
or B cells [36] and lower relative abundance of bacteria
responsible for producing anti-inflammatory responses by
immune cells such as Tregs, CD4+ T cells which produces
interleukin (IL)-10, regulatory B cells, suppressive macrophages
and tolerogenic dendritic cells.

In MS patients, Firmicutes and Bacteroidetes phyla are
lower or even depleted and the abundance of Archae is
high. The Bacteroides and Clostridia species are especially
responsible for the induction of Foxp3+ Tregs in suppression
of inflammation. As one small longitudinal study highlighted,
some gut microbiota profiles, especially Fusobacteria, are
associated with increased risk of relapses [40]. Parabacteroides,
Prevotella and Adlercreutzia genera were detected to be
much lower in MS patients, while Haemophilus, Blautia,
Dorea and Pseudomonas genera were increased. Clostridiales
including Faecalibacterium, Ruminococcus, Lactobacillaceae,
Bacteroidaceae and Clostridium were restored after MS

treatment with glatiramer acetate [41]. The recent literature
reviewed on the composition of the MS gut microbiota is
mentioned in Table I [31, 37, 40, 42-46]; the changes in gut
microbiota are associated with MS development, but a clearer
understanding of the role of the gut microbiome in MS is
crucial in developing targeted therapeutics.

The role of Probiotics in Treating Dysbiosis in Multiple

Sclerosis

A few animal and human studies have already validated
the beneficial role of fecal microbial transplantation, probiotic
and prebiotic treatment in MS [48, 49]. A study on probiotic
Escherichia coli Nissler 1917 in EAE mice model showed
a decrease in the susceptibility of neuroinflammation [50]
by lower values of inflammatory cytokines: IL-17, IFN-y,
TNF-a and higher values of IL-10, autoreactive CD41 T cells
and CD41FOXP31 cells in lymph nodes. In another study,
treatment with IRT5 (mixture of five probiotics containing
of 108 CFU/g of each strain: Streptococcus thermophilus,
Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium
bifidum and Lactobacillus reuteri) contributed to the
suppression of the EAE condition [51]. The combination of
Lactobacillus plantarum DSM 15312, Lactobacillus plantarum
DSM 15312, and Lactobacillus paracasei DSM 13434 also
showed therapeutic potential in inhibiting the progression
of myelin oligodendrocyte glycoprotein induced EAE [52].
The probiotic combination of Bifidobacterium animalis and
Lactobacillus plantarum A7 is able to improve EAE condition
bt increasing Treg cells with an increased expression of CD251,
CD41, and Foxp31 in lymph nodes and spleen along with Th2
cells and antiinflammatory cytokines levels [such as IL-4,
tumor grows factor (TGF-p), and IL-10]. At the same time, a
subsequent decrease in IL-6 and IL-17 cytokines and Th17 and
Th1 cells was observed, resulting in a decrease in inflammation,

Table I. Key findings on MS gut microbiota in scientific literature. MS cases versus controls

Author, Year of Publication, Study design Biological ~Key findings in MS cases
Reference sample
Mowry, 2012 [42] Case-control stool Lower relative abundance of Faecalibacterium RRMS cases
Rumah, 2013 [43] Case-control stool Human gut colonization by Clostridium perfringens type B in an MS
patient
Cantarel, 2015 [44] Case-control, intervention, pilot study stool Lower relative abundance of Faecalibacterium
Miyake, 2015 [45] Case-control stool Lower relative abundance of Prevotella copri and Clostridium in
RRMS cases
Higher relative abundance of Bilophila wadsworthia in MS
Chen, 2016 [31] Case-control stool Higher relative abundance of Dorea and Blautia
Lower relative abundance of Adlercreutzia equolifaciens and
Collinsella
Higher abundance of Mycoplana and Pseudomonas
Tremlett,2016 [40] Case-control, pilot study stool Increased colonization of Firmicutes in pediatric MS patients
Jangi, 2016 [46] Case-control stool Lower relative abundance of Sutterella, Collinsella and Slackia
Cekanaviciute, 2017 [38] Case-control stool Lower relative abundance of Parabacteriodes distasonis;

Swidsinki, 2017 [47]
Berer, 2017 [37]

Case-control, intervention

Case-control, co-twin

stool

stool

Acinetobacter calcoaceticus stimulates pro-inflammatory Th1
cytokines, aggravating MS

Akkermansia muciniphila may enhance the production of
proinflammatory cytokines

Lower relative abundance of Faecalibacterium prausnitzii

Higher relative abundance of Akkermansia muciniphila

MS: multiple sclerosis; RRMS: relapsing-remitting MS.
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autoreactive T cells, and demyelination [53]. Moreover, as an
effect of probiotic administration, SCFAs are produced, such
as acetate, propionate, and butyrate. These SCFAs along with
TLRs maintain immune homeostasis. It results in elevated
levels of IL-10 and TGF-P cytokines, which further enhance
Treg production and contribute to immune regulation, leading
to reduced demyelination in CNS of MS patients.

Recent human studies have assessed significant remission
of clinical aspects and positive metabolic response when
administering probiotics in MS patients. The B cells’ function
was observed to rapidly decline after 12 weeks of probiotics
capsule administration containing probiotics strains of
Lactobacillus casei, Bifidobacterium bifidum, Lactobacillus
fermentum, and Lactobacillus acidophilus. This randomized,
placebo-controlled clinical trial on probiotics capsules
conducted on 60 MS patients suggested that the uptake of
this probiotic improved depression, anxiety and stress scales
of the patients. Moreover, the levels of nitric oxide, CRP and
malondialdehyde were significantly altered within the placebo
group [54].

A randomized, double-blind, placebo-controlled clinical
trial enrolled 40 MS patients and randomly divided them
into two groups, where one group received a probiotics
capsule containing Lactobacillus fermentum, Bifidobacterium

Table II. Major findings in human studies of probiotic therapies in MS

bifidum, Lactobacillus acidophilus, and Lactobacillus casei
with 23x10° CFU/g each and the other group was assigned
to receive a placebo for 12 weeks. The aim was to evaluate
the role of probiotics on the genetic expression related to
glucose, lipid, and inflammatory pathways and they reported
a downregulation of TNF alfa and IL8 mRNA expressions in
the peripheral blood mononuclear cells of MS patients as a
result [55].

The human studies that we reviewed [54-57] (Table II)
demonstrated that probiotic administration had a positive
impact on the progression and delay in the onset of the disease,
suggesting that probiotics have immunomodulatory effects in
MS patients.

RATIONALE FOR USING
IMMUNOGLOBULIN Y SUPPLEMENTS

Immunoglobulin (Ig) Ys are produced by chickens and
other birds, reptiles, and amphibians. Among avian IgY,
chicken IgY has been the most studied and characterized.
IgYs are present in the sera of chickens and are passed to the
embryo through the egg yolk. The function of IgYs is similar
to that of mammalian IgGs. Although functional similarity
exists between IgY and IgG, their structures are quite different.

Study, Year of Intervention Duration Major Findings
publication Clinical Immuno-metabolic
Kouchaki, 2017 [54] I: Probiotic capsule 2*109 CFU 2x a week EDSS | Hs-CRP |

o Lactobacillus. acidophilus For 12 weeks  BDI | MDA |

« Lactobacillus casei DASS | Plasma NO 1

o Lactobacillus fermentum GHQ-28 |

«Bifidobacterium bifidum
C: Starch capsule

The levels of CRP, malondialdehyde,
and plasma nitric oxide were
significantly changed within the

Probiotic capsule improves
depression, anxiety, and stress

scale within the patients placebo group
Rahimlou, 2020 [56] I: Protexin capsule 2109 CFU 1x a day EDSS - IL-6 |
C: Maltodextrin capsule For 6 months BDI | BDNF 1
GHQ-28 | NGF -
FSS |
MPQ |
Salami, 2019 [57] I: Probiotic capsule 2¥109 CFU Unknown EDSS | Hs-CRP |
o Lactobacillus plantarum frequency BDI - MDA |
o Lactobacillus casei For 16 weeks  DASS | 8-OHdG |
o Lactobacillus fermentum GHQ-28 - IL-10 1
o Lactobacillus reuteri TAC 1t
« Bifidobacterium lactis GSH 1
« Bifidobacterium infantis NO 1
C: Maltodextrin capsule IL-6 |
TNF-a |
Tamtaji, 2017 [55] I: Probiotic capsule 2*109 CFU Ix a day BMI - IL-1 -
o Lactobacillus acidophilus For 12 weeks  No relapse — TNF-a|
« Lactobacillus casei 1L-8 |

o Lactobacillus fermentum
« Bifidobacterium bifidum
C: Starch capsule

Downregulation among the gene
expression of TNF-a mRNA and IL-8
in the peripheral blood mononuclear
cells of MS patients. Probiotics has a
modulating effect in the inflammatory
cytokines of MS patients

8-OHdG: 8-Ox0-2'-deoxyguanosine; BDI: Beck Depression Inventory; BDNEF: brain-derived neurotrophic factor; CFU: colony-forming unit; DASS: Depression
Anxiety Stress Scales; EDSS: Expanded Disability Status Scale; FSS: Fatigue Severity Scale; GHQ-28: General Health Questionnaire-28; GSH: glutathione;
hs-CRP: high-sensitivity C-reactive protein; IL: interleukin; McGill Pain Questionnaire; MDA: malondialdehyde; mRNA: messenger ribonucleic acid; MPQ:
NGF: nerve growth factor; NO: nitric oxide; TAC: total antioxidant capacity; TNF-a: tumor necrosis factor.
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Among the differences, the H chain of IgYs have one variable
region (VH) and four constant regions (CH) regions, while
mammalian IgGs have only three CH regions. Also, IgY lacks
a hinge region between the CH1 and CH2 domains, making
it less flexible than IgG. Compared with mammalian IgG,
chicken IgY has 3 to 5 times more affinity and reacts more
rapidly to the same antigens when tested in competition
assays. IgY antibodies are obtained by immunizing the hen
with the antigen of interest. A small amount of antigen in
the milligram or microgram range usually elicits enough IgY
response and the antibody titers persist over several weeks to
several months [58].

IgY itself is not a probiotic or prebiotic as it does not
contain live microorganisms or complex carbohydrates that
can selectively stimulate the growth of beneficial gut bacteria,
but it can be considered a nutraceutical or a food supplement.
Polyclonal IgY antibodies have been present in the market for
more than two decades in different products such as Ig-Guard
Mutant and Ovalgen® DC (Streptococcus mutans), Ovalgen®
PG (Porphyromonas gingivalis), and Ovalgen® CA (Candida
albicans) recommended for oral cavity infections; Ovalgen®
FL for influenza; anti-SARS-CoV-2 IgY; Ig-Guard Helico,
GastimunHP, Ovalgen® HP (Helicobacter pylori), 1g-Guard
Rota, Ovalgen® RV (Rotavirus) for gastrointestinal diseases; [gY
Max (against 26 human-relevant bacteria); Imunoinstant G® (
against 30 pathogens) used also as an adjuvant treatment for
psoriasis and other autoimmune conditions. In contrast to the
typical perception of antibody products, IgY is designated as
GRAS (generally recognized as safe) by the US Food and Drug
Administration (FDA). Regulations governing the licensing of
IgY products are relatively lenient, particularly for applications
such as food supplements or oral use. Nevertheless, strict
regulations are in place for products intended for parenteral
administration and monoclonal IgY. Taking into consideration
that modulating gut microbiota is the main objective in
dysbiosis, the oral administration of polyclonal IgY along with
encapsulation materials and stabilizers can be achieved using
egg yolk powder containing specific IgY as the most economical
and practical dosage form [59].

Immunoglobulin Y therapy has several attractive
characteristics including lack of reactivity with the human
complement system and human Fc-receptors, thereby
preventing non-specific inflammation. Because IgY does not
react with the human complement system or Fc receptors, the
risk of further inflammation is minimal. Egg allergies usually
involve egg albumin components which may explain why
no reactivity issues have been encountered in consumer use
of several products now available on the market containing
purified IgY. Immunoglobulin Y is thought to work by binding
to the bacteria or viruses, leading to their elimination through
the gut therefore leading to prevention of bacterial replication
or virus spread. In some cases, passive immunization using IgY
antibodies has rapid and local onset of action and can be given
to patients with active infection. It can also be used in immature
or impaired immune response, such as infants and immuno-
compromised adults. Immunoglobulin Y is an effective
immunologic tool to fight infection, involving microbes
colonizing the alimentary tract of humans. It is relatively safe
being found in the daily human diet, and can exert its activity

within the entire length of the alimentary tract in predictable
manner [60]. Regarding systemic administration, further
safety studies are required, despite the lack of cross-reactivity
between IgY and mammalian Fc. These safety concerns can be
reduced also by developing the chimeric antibody fragments
and humanized monoclonal IgY [59].

Clinical Applications of Immunoglobulin Y Supplements

In the last years, an increasing number of studies have
focused on the use of IgY in the treatment and prevention of
infectious diseases in a variety of animal species and on their
role of a nutraceutic in human medicine. It has been established
that oral administration of antimicrobial immunoglobulins
derived from bovine milk and poultry egg is an effective way
to provide protective immunity against a variety of viral or
bacterial pathogens which might reduce

The clinical use of antibiotics and thereby minimize the risk
of bacteria developing antibiotic resistance as well as the risk
of imbalance in commensal gut microbiota [60].

Oral administration of IgY has been successfully used to
prevent or treat specific diseases including infant rotavirus
diarrhea [60], Helicobacter pyloriinfection [61], dental caries
(Streptococcus mutans) [62], periodontitis (Porphyromonas
gingivalis) [63] and oral candidiasis (Candida albicans)
[64]. With a mechanism of action that depends on direct
intermolecular contact, specific IgY has been shown to
reduce bacterial or viral load and their accompanying
symptoms. A randomized, controlled trial conducted on 150
children with rotavirus enteritis compared the therapeutic
effect of probiotics and oral immunoglobulin. The study
population was randomly divided into control, probiotic
and immunoglobulin groups and they received either a
placebo, live combined Bifidobacterium and Lactobacillus
tablets, or orally given anti-rotavirus egg yolk IgY. While both
groups who received treatment had reduced intestinal flora
imbalance, the group that took anti-rotavirus egg yolk IgY
had a shortened course of the disease, and the elimination
of the rotavirus was faster [65].

Immunoglobulin Y technology can be used in the
prophylaxis of celiac disease, as one study demonstrated by
developing a powdered egg yolk formula with protective sugars
containing anti-gliadin IgY that retained its activity in vitro
after being submitted to chemical conditions similar to those
of the stomach and small intestine. This formula neutralized in
vitro not only the isolated gliadin, but also that present in the
food matrix and inhibited its intestinal absorption in mice [66].

In cystic fibrosis, mucus in the lungs leads to respiratory
infections with Staphylococcus aureus, Haemophilus influenzae,
Burkholderia cepacia and Pseudomonas aeruginosa, which are
the main ones causes of lung tissue destruction, lung failure
and death. Immunotherapy with specific IgY is an alternative
to antibiotics used in prevention of pulmonary infections
with Pseudomonas aeruginosa and could be a potential means
of prevention of respiratory tract infections and treatment
of some of them such as tuberculosis, infections secondary
diseases associated with immunodeficiencies and infections
with human immunodeficiency virus, common colds [67].

It is also important to mention that IgY technology has
proved antifungal and antiparasitic activity. By using anti-lipase
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IgY, the hydrolysis of diet fat can be inhibited, and its intestinal
absorption can be reduced, therefore IgY technology can be
used in treatment of obesity. IgY technology has an antitumor
activity by producing IgY against tumor antigens which can
represent an alternative for a more selective treatment of
cancers and its use could; therefore, minimize the side effects
of traditional chemotherapy.

Immunoglobulin Y Supplements in Dysbiosis and

Multiple Sclerosis - Future Directions

With the increasing evidence connecting multiple sclerosis
to the altered gut microbiota, there is a quest for chemicals
that positively influence its composition and activity through
dietary intake.

Immunoglobulin gY is, from a technical point of view,
a nutraceutical or a food supplement. Being extracted from
chicken egg, IgY supplements also contain ovotransferrin,
lysozyme, ovomucin, other bactericidal proteins and complex
immunomodulator proteins complex immunomodulator
(transfer molecules and specific radicals). Furthermore, IgY
may have potential as a postbiotic modulator, as it has been
shown to have immunomodulatory effects in the gut and may
interact with the gut microbiota to support their growth and
activity, shaping through this interaction its composition and
diversity. More research is needed to fully understand the
potential role of IgY in the gut microbiota, and to elucidate
the specific mechanisms by which IgY interacts with the
inflammatory cytokines and gut microbiota and modulates its
composition and activity by studying the molecular pathways
and signaling involved in this interaction.

There is currently a lack of clinical trials designed to assess
the efficacy and safety of IgY supplements administration
in individuals with multiple sclerosis and associated gut
dysbiosis. These trials should include study designs, appropriate
control groups and outcome measures that evaluate both gut
microbiota changes and clinical parameters in MS patients.
Determining the optimal dosage and duration of IgY
supplements administration in order to achieve maximum
benefits in terms of modulating the gut microbiota and
improving MS symptoms is another key aspect that needs to
be established and this could involve conducting dose-ranging
studies and long-term follow-ups of the sustained effects of
IgY supplements.

Other future directions could be exploring the potential
synergistic effects of combining IgY therapy with other
interventions, such as specific probiotic, prebiotics, or dietary
modifications, to optimize gut microbiota and investigating
the potential links between IgY-induced changes in the
gut microbiota and clinical outcomes in multiple sclerosis.
How microbiota profiles correlate with disease progression,
disability measures, and other relevant clinical markers will
help to better understand the therapeutic implications of IgY
supplements administration.

Long-term follow-up studies can provide valuable insight
into the durability of microbiota changes and any potential
adverse effects associated with prolonged IgY supplementation
by assessing the long-term effects and safety profile of IgY
supplements administration, including potential interactions
with medications commonly used in multiple sclerosis treatment.
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CONCLUSIONS

Dysbiosis have been linked to MS development. The
influence of gut microbiota in MS is reversible, making
it a potential therapeutic target. Clinical trials using IgY
supplements in MS are limited but have shown positive
outcomes, including reduced symptoms, and altered immune
responses. Combining IgY therapy with other interventions in
MS and investigating correlations between microbiota changes
and clinical outcomes should be further studied.

Conflicts of interest: None to declare.

Authors‘ contributions: A.C.P. and V.V. conceived and designed the
study, conducted the literature review, and compiled the manuscript.
C.N,, C.V,, D.T.N. contributed to the sections on gut-brain axis and
clinical applications. A.C.P. drafted the sections on immunoglobulin
Y supplements and their potential role in multiple sclerosis. S.C.V.,
S.I, A.C.P.and V.V. analysed and interpretated the data. D.EM. revised
the paper for its intellectual contents and was the guarantor of the
study. All authors critically reviewed and revised the manuscript for
intellectual content. All authors approved the final version of the
manuscript for submission.

REFERENCES

1. Polman CH, Reingold SC, Banwell B, et al. Diagnostic criteria for
multiple sclerosis: 2010 revisions to the McDonald criteria. Ann Neurol
2011;69:292-302. doi:10.1002/ana.22366

2. Milo R, Kahana E. Multiple sclerosis: Geoepidemiology, genetics and
the environment. Autoimmunity Rev 2010;9:A387-A394. doi:10.1016/j.
autrev.2009.11.010

3. Noto D, Miyake S. Gut dysbiosis and multiple sclerosis. Clin Immunol
2022;235:108380. doi:10.1016/j.clim.2020.108380

4. Blais LL, Montgomery TL, Amiel E, Deming PB, Krementsov DN.
Probiotic and commensal gut microbial therapies in multiple sclerosis
and its animal models: a comprehensive review. Gut Microbes
2021;13:1943289. doi:10.1080/19490976.2021.1943289

5. Khan MF, Wang H. Environmental Exposures and Autoimmune
Diseases: Contribution of Gut Microbiome. Front Immunol
2020:10:3094. doi:10.3389/fimmu.2019.03094

6. Wu HJ, Wu E. The role of gut microbiota in immune homeostasis and
autoimmunity. Gut Microbes 2012;3:4-14. doi:10.4161/gmic.19320

7. Dwivedi M, Ansarullah U, Radichev I, Kemp EH. Alteration of
Immune-Mechanisms by Human Microbiota and Development and
Prevention of Human Diseases. ] Immunol Res 2017;2017:6985256.
doi:10.1155/2017/6985256

8. Mowat AM. To respond or not to respond - a personal perspective of
intestinal tolerance. Nat Rev Immunol 2018;18:405-415. doi:10.1038/
s41577-018-0002-x

9. Belkaid Y, Naik S. Compartmentalized and systemic control of tissue
immunity by commensals. Nat Immunol 2013;14:646-653. doi:10.1038/
ni.2604

10. Shan M, Gentile M, Yeiser JR, et al. Mucus enhances gut homeostasis
and oral tolerance by delivering immunoregulatory signals. Science
2013;342:447-453. doi:10.1126/science.1237910

11. Ehmann D, Wendler ], Koeninger L, et al. Paneth cell a-defensins HD-5

and HD-6 display differential degradation into active antimicrobial


https://dx.doi.org/10.1002/ana.22366
https://dx.doi.org/10.1016/j.autrev.2009.11.010
https://dx.doi.org/10.1016/j.autrev.2009.11.010
https://dx.doi.org/10.1016/j.clim.2020.108380
https://dx.doi.org/10.1080/19490976.2021.1943289
https://dx.doi.org/10.3389/fimmu.2019.03094
https://dx.doi.org/10.4161/gmic.19320
https://dx.doi.org/10.1155/2017/6985256
https://dx.doi.org/10.1038/s41577-018-0002-x
https://dx.doi.org/10.1038/s41577-018-0002-x
https://dx.doi.org/10.1038/ni.2604
https://dx.doi.org/10.1038/ni.2604
https://dx.doi.org/10.1126/science.1237910

Dysbiosis in multiple sclerosis

121

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

fragments. Proc Natl Acad Sci U S A 2019;116:3746-3751. doi:10.1073/
pnas.1817376116

Ramakrishna C, Kujawski M, Chu H, Li L, Mazmanian SK, Cantin
EM. Bacteroides fragilis polysaccharide A induces IL-10 secreting B
and T cells that prevent viral encephalitis. Nat Commun 2019;10:2153.
doi:10.1038/s41467-019-09884-6

Price AE, Shamardani K, Lugo KA, et al. A Map of Toll-like Receptor
Expression in the Intestinal Epithelium Reveals Distinct Spatial, Cell
Type-Specific, and Temporal Patterns. Immunity 2018;49:560-575.€6.
doi:10.1016/j.immuni.2018.07.016

Wang S, Charbonnier LM, Noval Rivas M, et al. MyD88 Adaptor-
Dependent Microbial Sensing by Regulatory T Cells Promotes Mucosal
Tolerance and Enforces Commensalism. Immunity 2015;43:289-303.
doi: 10.1016/j.immuni.2015.06.014

Peterson DA, McNulty NP, Guruge JL, Gordon JI. IgA response to
symbiotic bacteria as a mediator of gut homeostasis. Cell Host Microbe
2007;2:328-339. doi:10.1016/j.chom.2007.09.013

Kawamoto S, Maruya M, Kato LM, et al. Foxp3(+) T cells regulate
immunoglobulin a selection and facilitate diversification of bacterial
species responsible for immune homeostasis. Immunity 2014;41:152-
165. doi:10.1016/j.immuni.2014.05.016

Sterlin D, Fadlallah J, Adams O, et al. Human IgA binds a diverse array
of commensal bacteria. ] Exp Med 2020;217:¢20181635. doi: 10.1084/
jem.20181635

Sutherland DB, Suzuki K, Fagarasan S. Fostering of advanced mutualism
with gut microbiota by Inmunoglobulin A. Immunol Rev 2016;270:20—
31. doi:10.1111/imr.12384

Arpaia N, Campbell C, Fan X, et al. Metabolites produced by commensal
bacteria promote peripheral regulatory T-cell generation. Nature
2013;504:451-455. doi:10.1038/nature12726

Atarashi K, Tanoue T, Shima T, et al. Induction of colonic regulatory
T cells by indigenous Clostridium species. Science 2011;331:337-341.
doi:10.1126/science.1198469

Proietti M, Cornacchione V, Rezzonico Jost T, et al. ATP-gated
ionotropic P2X7 receptor controls follicular T helper cell numbers
in Peyer’s patches to promote host-microbiota mutualism. Immunity
2014;41:789-801. doi:10.1016/j.immuni.2014.10.010

Chu E Shi M, Lang Y, et al. Gut Microbiota in Multiple Sclerosis and
Experimental Autoimmune Encephalomyelitis: Current Applications
and Future Perspectives. Mediators Inflamm 2018;2018:8168717.
doi:10.1155/2018/8168717

Ghaisas S, Maher ], Kanthasamy A. Gut microbiome in health and
disease: Linking the microbiome-gut-brain axis and environmental
factors in the pathogenesis of systemic and neurodegenerative
diseases. Pharmacol Ther 2016;158:52-62. doi:10.1016/j.
pharmthera.2015.11.012

Liu F, Sun Z, Wang F, et al. Inhibition of biofilm formation
and exopolysaccharide synthesis of Enterococcus faecalis by
phenyllactic acid. Food Microbiol 2020;86:103344. doi:10.1016/j.
fm.2019.103344

Pittayanon R, Lau JT, Yuan Y, et al. Gut Microbiota in Patients With
Irritable Bowel Syndrome-A Systematic Review. Gastroenterology
2019;157:97-108. doi: 10.1053/j.gastro.2019.03.049

Mu Q, Kirby J, Reilly CM, Luo XM. Leaky Gut As a Danger Signal
for Autoimmune Diseases. Front Immunol 2017;8:598. doi:10.3389/
fimmu.2017.00598

He Z, Shao T, Li H, Xie Z, Wen C. Alterations of the gut microbiome
in Chinese patients with systemic lupus erythematosus. Gut Pathog
2016;8:64. doi:10.1186/s13099-016-0146-9

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

LiY, Wang HE, Li X, et al. Disordered intestinal microbes are associated
with the activity of Systemic Lupus Erythematosus. Clin Sci (Lond)
2019;133:821-838. doi:10.1042/CS20180841

Luo XM, Edwards MR, Mu Q, et al. Gut Microbiota in Human Systemic
Lupus Erythematosus and a Mouse Model of Lupus. Appl Environ
Microbiol 2018;84:€02288-17. doi:10.1128/AEM.02288-17

Westall FC. Molecular Mimicry Revisited: Gut Bacteria and Multiple
Sclerosis. ] Clin Microbiol 2006;44:2099-2104. doi:10.1128/JCM.02532-05
ChenJ, Chia N, Kalari KR, et al. Multiple sclerosis patients have a distinct
gut microbiota compared to healthy controls. Sci Rep 2016;6:28484.
doi:10.1038/srep28484

Buscarinu MC, Cerasoli B, Annibali V, et al. Altered intestinal
permeability in patients with relapsing-remitting multiple sclerosis: A
pilot study. Mult Scler 2017;23:442-446. doi:10.1177/1352458516652498
El Kaoutari A, Armougom F, Gordon JI, Raoult D, Henrissat B. The
abundance and variety of carbohydrate-active enzymes in the human
gut microbiota. Nat Rev Microbiol 2013;11:497-504. doi:10.1038/
nrmicro3050

Sivieri K, Morales MLV, Adorno MAT, Sakamoto IK, Saad SMI, Rossi
EA. Lactobacillus acidophilus CRL 1014 improved “gut health” in the
SHIME reactor. BMC Gastroenterol 2013;13:100. doi:10.1186/1471-
230X-13-100

Freedman MS, Selchen D, Prat A, Giacomini PS. Managing Multiple
Sclerosis: Treatment Initiation, Modification, and Sequencing. Can J
Neurol Sci 2018;45:489-503. doi:10.1017/¢jn.2018.17

Shahi SK, Freedman SN, Mangalam AK. Gut microbiome in multiple
sclerosis: The players involved and the roles they play. Gut Microbes
2017;8:607-615. doi:10.1080/19490976.2017.1349041

Berer K, Gerdes LA, Cekanaviciute E, et al. Gut microbiota from multiple
sclerosis patients enables spontaneous autoimmune encephalomyelitis
in mice. Proc Natl Acad Sci U S A 2017;114:10719-10724. doi:10.1073/
pnas.1711233114

Cekanaviciute E, Yoo BB, Runia TE, et al. Gut bacteria from multiple
sclerosis patients modulate human T cells and exacerbate symptoms
in mouse models. Proc Natl Acad Sci U S A 2017;114:10713-10718.
doi:10.1073/pnas.1711235114

Procaccini C, De Rosa V, Pucino V, Formisano L, Matarese G. Animal
models of Multiple Sclerosis. Eur ] Pharmacol 2015;759:182-191.
doi:10.1016/j.ejphar.2015.03.042

Tremlett H, Fadrosh DW, Farugi AA, et al. Gut microbiota composition
and relapse risk in pediatric MS: A pilot study. J] Neurol Sci
2016;363:153-157. doi:10.1016/.jns.2016.02.042

Adamczyk-Sowa M, Medrek A, Madej P, Michlicka W, Dobrakowski
P. Does the Gut Microbiota Influence Immunity and Inflammation in
Multiple Sclerosis Pathophysiology? ] Immunol Res 2017;2017:7904821.
doi:10.1155/2017/7904821

Mowry E, Waubant E, Chehoud C, DeSantis T, Kuczynski J, Warrington
J. Gut Bacterial Populations in Multiple Sclerosis and in Health
(P05.106). Neurology 2012;78(1_supplement):P05.106.

Rumah KR, Linden J, Fischetti VA, Vartanian T. Isolation of
Clostridium perfringens Type B in an Individual at First Clinical
Presentation of Multiple Sclerosis Provides Clues for Environmental
Triggers of the Disease. PLoS One 2013;8:76359. doi:10.1371/journal.
pone.0076359

Cantarel BL, Waubant E, Chehoud C, et al. Gut Microbiota in Multiple
Sclerosis: Possible Influence of Immunomodulators. ] Investig Med
2015;63:729-734. doi:10.1097/JIM.0000000000000192

Miyake S, Kim S, Suda W, et al. Dysbiosis in the Gut Microbiota
of Patients with Multiple Sclerosis, with a Striking Depletion of

] Gastrointestin Liver Dis, March 2024 Vol. 33 No 1: 115-122


https://dx.doi.org/10.1073/pnas.1817376116
https://dx.doi.org/10.1073/pnas.1817376116
https://dx.doi.org/10.1038/s41467-019-09884-6
https://dx.doi.org/10.1016/j.immuni.2018.07.016
https://dx.doi.org/10.1016/j.immuni.2015.06.014
https://dx.doi.org/10.1016/j.chom.2007.09.013
https://dx.doi.org/10.1016/j.immuni.2014.05.016
https://dx.doi.org/10.1084/jem.20181635
https://dx.doi.org/10.1084/jem.20181635
https://dx.doi.org/10.1111/imr.12384
https://dx.doi.org/10.1038/nature12726
https://dx.doi.org/10.1126/science.1198469
https://dx.doi.org/10.1016/j.immuni.2014.10.010
https://dx.doi.org/10.1155/2018/8168717
https://dx.doi.org/10.1016/j.pharmthera.2015.11.012
https://dx.doi.org/10.1016/j.pharmthera.2015.11.012
https://dx.doi.org/10.1053/j.gastro.2019.03.049
https://dx.doi.org/10.3389/fimmu.2017.00598
https://dx.doi.org/10.3389/fimmu.2017.00598
https://dx.doi.org/10.1186/s13099-016-0146-9
https://dx.doi.org/10.1042/CS20180841
https://dx.doi.org/10.1128/AEM.02288-17
https://dx.doi.org/10.1128/JCM.02532-05
https://dx.doi.org/10.1038/srep28484
https://dx.doi.org/10.1177/1352458516652498
https://dx.doi.org/10.1038/nrmicro3050
https://dx.doi.org/10.1038/nrmicro3050
https://dx.doi.org/10.1186/1471-230X-13-100
https://dx.doi.org/10.1186/1471-230X-13-100
https://dx.doi.org/10.1017/cjn.2018.17
https://dx.doi.org/10.1080/19490976.2017.1349041
https://dx.doi.org/10.1073/pnas.1711233114
https://dx.doi.org/10.1073/pnas.1711233114
https://dx.doi.org/10.1073/pnas.1711235114
https://dx.doi.org/10.1016/j.ejphar.2015.03.042
https://dx.doi.org/10.1016/j.jns.2016.02.042
https://dx.doi.org/10.1155/2017/7904821
https://dx.doi.org/10.1097/JIM.0000000000000192

122

Paraschiv et al.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Species Belonging to Clostridia XIVa and IV Clusters. PLoS One
2015;10:€0137429. doi:10.1371/journal.pone.0137429

Jangi S, Gandhi R, Cox LM, et al. Alterations of the human gut
microbiome in multiple sclerosis. Nat Commun 2016;7:12015.
doi:10.1038/ncomms12015

Swidsinski A, Dorffel Y, Loening-Baucke V, et al. Reduced Mass
and Diversity of the Colonic Microbiome in Patients with Multiple
Sclerosis and Their Improvement with Ketogenic Diet. Front Microbiol
2017;8:1141. doi:10.3389/fmicb.2017.01141

Bron PA, Kleerebezem M, Brummer R], et al. Can probiotics modulate
human disease by impacting intestinal barrier function? Br ] Nutr
2017;117:93-107. doi:10.1017/S0007114516004037

Wing AC, Kremenchutzky M. Multiple sclerosis and faecal microbiome
transplantation: are you going to eat that? Benef Microbes 2019;10:27-
32. doi:10.3920/BM2018.0029

Secher T, Kassem S, Benamar M, et al. Oral Administration of the
Probiotic Strain Escherichia coli Nissle 1917 Reduces Susceptibility
to Neuroinflammation and Repairs Experimental Autoimmune
Encephalomyelitis-Induced Intestinal Barrier Dysfunction. Front
Immunol 2017;8:1096. doi:10.3389/fimmu.2017.01096

Kwon HK, Kim GC, Kim Y, et al. Amelioration of experimental
autoimmune encephalomyelitis by probiotic mixture is mediated by a
shift in T helper cell immune response. Clin Immunol 2013;146:217-
227. d0i:10.1016/j.clim.2013.01.001

Lavasani S, Dzhambazov B, Nouri M, et al. A novel probiotic
mixture exerts a therapeutic effect on experimental autoimmune
encephalomyelitis mediated by IL-10 producing regulatory T cells.
PLoS One 2010;5:€9009. doi:10.1371/journal.pone.0009009
Salehipour Z, Haghmorad D, Sankian M, et al. Bifidobacterium
animalis in combination with human origin of Lactobacillus plantarum
ameliorate neuroinflammation in experimental model of multiple
sclerosis by altering CD4+ T cell subset balance. Biomed Pharmacother
2017;95:1535-1548. doi:10.1016/j.biopha.2017.08.117

Kouchaki E, Tamtaji OR, Salami M, et al. Clinical and metabolic
response to probiotic supplementation in patients with multiple
sclerosis: A randomized, double-blind, placebo-controlled trial. Clin
Nutr 2017;36:1245-1249. doi:10.1016/j.cInu.2016.08.015

Tamtaji OR, Kouchaki E, Salami M, et al. The Effects of Probiotic
Supplementation on Gene Expression Related to Inflammation, Insulin,
and Lipids in Patients With Multiple Sclerosis: A Randomized, Double-
Blind, Placebo-Controlled Trial. ] Am Coll Nutr 2017;36:660-665. doi:
10.1080/07315724.2017.1347074

Rahimlou M, Hosseini SA, Majdinasab N, Haghighizadeh MH, Husain

D. Effects of long-term administration of Multi-Strain Probiotic on

] Gastrointestin Liver Dis, March 2024 Vol. 33 No 1: 115-122

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

circulating levels of BDNF, NGE, IL-6 and mental health in patients with
multiple sclerosis: a randomized, double-blind, placebo-controlled trial.
Nutr Neurosci 2022;25:411-422. doi:10.1080/1028415X.2020.1758887
Salami M, Kouchaki E, Asemi Z, Tamtaji OR. How probiotic bacteria
influence the motor and mental behaviors as well as immunological
and oxidative biomarkers in multiple sclerosis? A double blind clinical
trial. J Funct Foods 2019;52:8-13. doi:10.1016/j.jf£.2018.10.023
Miiller S, Schubert A, Zajac J, Dyck T, Oelkrug C. IgY antibodies
in human nutrition for disease prevention. Nutr J 2015;14:109.
doi:10.1186/s12937-015-0067-3

Yakhkeshi S, Wu R, Chelliappan B, Zhang X. Trends in industrialization
and commercialization of IgY technology. Front Immunol
2022;13:13991931. doi:10.3389/fimmu.2022.991931

Rahman S, Van Nguyen S, Icatlo FC Jr, Umeda K, Kodama Y. Oral
passive IgY-based immunotherapeutics: a novel solution for prevention
and treatment of alimentary tract diseases. Hum Vaccin Immunother
2013;9:1039-1048. doi:10.4161/hv.23383

Shin JH, Yang M, Nam SW, et al. Use of egg yolk-derived immunoglobulin
as an alternative to antibiotic treatment for control of Helicobacter pylori
infection. Clin Diagn Lab Immunol 2002;9:1061-1066. doi:10.1128/
¢dli.9.5.1061-1066.2002

Hatta H, Tsuda K, Ozeki M, et al. Passive immunization against dental
plaque formation in humans: effect of a mouth rinse containing egg
yolk antibodies (IgY) specific to Streptococcus mutans. Caries Res
1997;31:268-274. doi:10.1159/000262410

Sugano N. Biological plaque control: novel therapeutic approach to
periodontal disease. ] Oral Sci 2012;54:1-5. doi:10.2334/josnusd.54.1
Ibrahim ESM, Rahman AKMS, Isoda R, Umeda K, Van Sa N, Kodama
Y. In vitro and in vivo effectiveness of egg yolk antibody against Candida
albicans (anti-CA IgY). Vaccine 2008;26:2073-2080. doi:10.1016/j.
vaccine.2008.02.046

Xie YM, Gao S, Wang LY, Wang ZL. Therapeutic effect of probiotics
and oral IgY as supplementary drugs in the treatment of pediatric
rotavirus enteritis: a comparative study. Zhongguo Dang Dai Er Ke Za
Zhi 2013;15:1000-1005.

Gujral N, Lobenberg R, Suresh M, Sunwoo H. In-vitro and in-vivo
binding activity of chicken egg yolk immunoglobulin Y (IgY) against
gliadin in food matrix. ] Agric Food Chem 2012;60:3166-3172.
doi:10.1021/jf205319s

Kollberg H, Carlander D, Olesen H, Wejaker PE, Johannesson M,
Larsson A. Oral administration of specific yolk antibodies (IgY) may
prevent Pseudomonas aeruginosa infections in patients with cystic
fibrosis: a phase I feasibility study. Pediatr Pulmonol 2003;35:433-440.
doi:10.1002/ppul. 10290


https://dx.doi.org/10.1371/journal.pone.0137429
https://dx.doi.org/10.1038/ncomms12015
https://dx.doi.org/10.3389/fmicb.2017.01141
https://dx.doi.org/10.1017/S0007114516004037
https://dx.doi.org/10.3920/BM2018.0029
https://dx.doi.org/10.3389/fimmu.2017.01096
https://dx.doi.org/10.1016/j.clim.2013.01.001
https://dx.doi.org/10.1371/journal.pone.0009009
https://dx.doi.org/10.1016/j.biopha.2017.08.117
https://dx.doi.org/10.1016/j.clnu.2016.08.015
https://dx.doi.org/10.1080/07315724.2017.1347074
https://dx.doi.org/10.1080/1028415X.2020.1758887
https://dx.doi.org/10.1016/j.jff.2018.10.023
https://dx.doi.org/10.1186/s12937-015-0067-3
https://dx.doi.org/10.3389/fimmu.2022.991931
https://dx.doi.org/10.4161/hv.23383
https://dx.doi.org/10.1128/cdli.9.5.1061-1066.2002
https://dx.doi.org/10.1128/cdli.9.5.1061-1066.2002
https://dx.doi.org/10.1159/000262410
https://dx.doi.org/10.2334/josnusd.54.1
https://dx.doi.org/10.1016/j.vaccine.2008.02.046
https://dx.doi.org/10.1016/j.vaccine.2008.02.046
https://dx.doi.org/10.1021/jf205319s
https://dx.doi.org/10.1002/ppul.10290

